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ABSTRACT
This study examines the interaction between two genera of bacteria and the
biochemical reduction of uranium. The bacteria studied are the obligate anaerobe,

Desulfovibrio desulfuricans, and the facultative aerobe, Escherichia coll. Preliminary
experiments established the pH, cell concentration, substrate concentration, and type o f
substrate that favored reduction of hexavalent uranium in aqueous solutions. Uranium
reduction is most complete at pH 7 and 9, with cell concentrations of at least 33.5 mg/ml
(dry cell weight). Whole cells of D. desulfuricans were found to reduce uranium in the
presence of lactate and hydrogen whereas in £. coli, reduction was achieved only in the
presence of glucose. When using glucose or lactate, complete reduction did not occur until
the concentration reached 5 mM. Cell fractions of each organism, including soluble
periplasmic material and insoluble membrane fractions were also evaluated for their ability
to reduce uranium. In D. desulfuricans the uranium reductase activity resides in a soluble
periplasmic component whereas in E. coli, the enzymatic activity is membrane bound.
When cell-free fractions ofD. desulfuricans were used, reduction was possible only in the
presence of hydrogen, suggesting a loss of a lactate oxidizing enzyme during the
fractionation. Cell fraction immobilization and uranium reductase activity was also
considered. Whole cells of D. desulfuricans immobilized onto Biosep beads had a rapid
loss of hexavalent uranium but was not complete. A cell-free extract of D. desulfuricans
was immobilized onto sepharose gel with no loss of activity. The most effective reduction
in D. desuljuricans was achieved using whole cells with lactate and cell extracts with
hydrogen, initial uranium concentrations o f 250 mg/L were reduced to 0.0 mg/L within 13
hours and uraninite precipitated. In experiments with E. coli, initial hexavalent uranium
levels were 25.0 mg/L. Reduction to 6.0 mg/L occurred within 60 minutes. Precipitation
of uraninite did not occur in 48 hours using E. coli. This information on the interaction of
microorgansims and uranium has potential as a waste remediation technique and to explain
the origin of uranium ore bodies in shallow hydrogeologic environments.

vu
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CHAPTER 1 INTRODUCTION
1 .1

Background
Many species of microoiganisms play an integral role in geological processes. One

of the first scientific observations to show the involvement o f microbes in geological
processes occurred in 1838 when Ehrenberg observed and reported an association between
the presence of Gallionellaferruginea and ochreous deposits of bog iron (Ehrlich, 1990).
In 1887, Winogradsky discovered that BeggUaoa could oxidize hydrogen sulfide to
elemental sulfur and that Leptothrix ochracea could convert ferric carbonate to ferric oxide
(Ehrlich, 1990). The microbial mediated reactions discovered by Winogradsky play an
integral role in the genesis of sulfur and iron ore bodies, and Winogradsky’s studies
contributed important research to the emerging field of geomicrobiology. Further work
was done on the formation of sulfur deposits by sulfur oxidizing bacteria by Vernadsky
between 1908 and 1922 (Ehrlich, 1990). The first semblance of a sulfur cycle became
apparent when work by Beijerinck and van Delden between 1895 and 1903 revealed the
existence of sulfate-reducing bacteria (Ehrlich, 1990).
Recent work in the field o f geomicrobiology, indicate that bacteria do influence
geological processes via physiological reactions. Bacteria can cause the concentration of
inorganic materials, such as sulfur, iron and uranium, by precipitating soluble inorganic
material fiom solution; or the bacteria can be agents of dispersion by solubilizing solid
mineral matter. In most cases this precipitation/dissolution o f mineral or inorganic matter
occurs as a result of autotrophic metabolism by the bacteria. This type of metabolism, also
known as chemolithotrophy, is the mechanism of energy production of most subsurface
bacteria. It involves the oxidation or reduction of inorganic matter for the production of
cellular energy. Because many inorganic compounds have drastically different chemical
behavior depending on their oxidation state, the effect of these bacteria can greatly influence
the chemistry of a shallow hydrogeologic system (Chapelle et al., 1995).

1
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1 .2

G eom icrobiology
Geologic processes that microorganisms have been shown to influence include;

lithification, a process in which microbes may cause the production of calcium carbonate,
iron oxide, aluminum oxide or silicates that then bind sedimentary particles together;
mineral formation, in which microbes cause the precipitation of a mineral phase either by
direct interaction or by creating conditions favorable for such reactions; mineral diagenesis,
a process in which post-depositional geochemical changes or alterations occur in a mineral
phase; and sedimentation, in which the accumulation of calcium carbonate tests of
foraminifera, or the accumulation of silicon dioxide tests of radiolarians and diatoms, lead
to the production of sedimentary oozes (Ehrlich, 1990).
Microorganisms that influence geological processes include both prokaryotic and
eukaryotic organisms. Prokaryotes include all bacteria while eukaryotes include fungi,
algae, protozoa, slime molds and higher organisms. Prokaryotes are distinguished from
eukaryotes by their lack of a nucleus or other cytoplasmic organelle. Another geologically
significant group which falls under the classification of prokaryotes are the archae. This
group includes the methanogens, halophiles, thermophiles, and acidophiles.
1 .3

Bacterial Physiology
To fully understand the role that bacteria play in the composition of shallow

subsurface fluids and rocks, it is important to understand the dynamics of their metabolism.
Bacterial metabolism has two parts. The first and most influential to geological processes
is catabolism, which generates cellular energy so that the cell can remain viable and produce
additional cell mass. Catabolism in autotrophic organisms involves the oxidation of
inorganic material which produces a stream of electrons. These liberated electrons are
forced to flow through a biochemical pathway that energizes enzyme systems and produces
cellular energy which is stored in the form of a molecule called adenosine-5’-triphosphate
(ATP). The electrons flow along this pathway, called the electron transport system to a
terminal electron acceptor, which is reduced, providing a sink for the electrons and thus
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completing the reduction-oxidation reaction (Atlas, 1988). There must be enough terminal
electron acceptor molecules present in the system, to receive ail the electrons flowing in the
pathway or the system will not function. The provision of exogenous terminal electron
acceptor molecules to the system is called respiration, and various molecules can be used,
depending on the bacterial species. The most commonly used electron acceptor is oxygen
due to its high redox potential (i.e., it is easily reducible). When oxygen is used the
respiration is termed aerobic.
Certain organisms are capable of using terminal electron acceptors other than
oxygen, such as nitrate, sulfate, ferric iron, or uranium (Atlas, 1988). When an electron
acceptor other than oxygen is used, the respiration is termed anaerobic. There are
organisms which have evolved with biochemical pathways that allow them to use a variety
of terminal electron acceptors, including oxygen, thereby conducting aerobic and anaerobic
respiration. These organisms are called facultative (Atlas, 1988).
When exogenous terminal electron acceptor molecules are not available, some
bacteria can generate cellular energy through fermentation. This process is similar to
respiration except that the electron donor also serves as the terminal electron acceptor.
Therefore, there is no need for an external electron acceptor. This process is significantly
less efficient at generating energy than respiration but allows certain organisms to exist in
environments that are closed systems. Many pathogenic organisms are capable of
fermentation.
In prokaryotes, the collection of enzymes that form the electron transport system is
located in the outer membrane of the cell; whereas in eukaryotes, they are located in a
special internal organelle called the mitochondria. This difference shows the evolutionary
advancement of eukaryotes to cellular specialization. Because prokaryotes have a
membrane bound electron transport chain, they can then utilize compounds as terminal
electron acceptors without bringing them directly into the cell. The purpose of the electron
transport system is the expulsion of protons from inside the cell (cytoplasm). As protons
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accumulate outside the ceil, a proton gradient is built up across the cell membrane, a
membrane embedded enzyme called "proton-translocating ATPase” allows protons to
diffuse back across the membrane through a proton selective channel. As this occurs, the
potential energy of the proton gradient is transformed into chemical energy which is stored
in the form of a special phosphate anhydride bond in the molecule adenosine S'triphosphate (ATP) (Atlas, 1988).
1 .4

Bacterial C lassification
Prokaryotes can be classified into four distinct groups depending on how they

generate cellular energy (Figure 1.1). The groups are photolithotrophs, chemolithotrophs,
heterotrophs, and mixotrophs (Atlas, 1988). Within each group are both aerobes and
anaerobes as well as facultative organisms, those capable of both aerobic and anaerobic
respiration. Heterotrophs derive energy from the oxidation of complex organic compounds
and assimilate carbon hom these compounds. Heterotrophs primarily utilize oxygen as a
terminal electron acceptor during this oxidation. This group of bacteria, which include
most pathogens and such well known organisms as E. coli and Pseudomonas spp., are
most influential in the very shallow subsurface (0-7.5 cm) where oxygen is abundant. The
chemolithotrophic or autotrophic organisms derive energy from the oxidation o f inorganic
compounds or elements, such as H^, H^S, Fe^\ or NHj, and assimilate carbon in the form
of carbon dioxide or bicarbonate. They are most common in hydrogeological systems
because they are primarily anaerobic and are capable of being active at depths where pre
formed organic material is not available, and are significant for the purposes o f this study.
These bacteria are often found in tectonically active areas where potential nutrients and
electron acceptors seep up along faults or fissures (Ehrlich, 1990).
One of the inorganic compounds recently found to be chemically influenced by
microbial processes is uranium (Lovely et ai, 1991). In terms of elemental abundance.
Uranium is low in the list, as it comprises only 0.0027% of the earth’s crust (Levinson,
1974). Aside from uranium ore bodies found exclusively in sedimentary sequences.
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PHOTOLITHOTROPH
Oxidation of Reduced
Sulfur or Water using
Sunlight as an Energy
Source

HETEROTROPHS
Oxidation of Organic Material

CHEMOLITHOTROPHS
Oxidation of Inorganic Material

MIXOTROPHS
Oxidation of Organic Material
and/or Inorganic Material

Figure 1. 1 Classification of Prokaryotes (Atlas, 1988).
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uranium is primarily found in high silica igneous rocks, such as granites and in highly
organic shales.
1 .5

Uranium Geochem istry
Uranium is the heaviest naturally occurring element, atomic number 92 and atomic

weight 238.03. Uranium has eleven known isotopes of which three are naturally
occurring: 234,235, and 238. All of the isotopes of uranium are radioactive with half-lives
ranging from 10^ to 10’ years. Natural uranium is composed of the three natural isotopes
in the following abundance: ^U-0.005%, “ ’U-0.71%, and ^*U-99.28%. However, the
Oklo site in Gabon, Africa has “ *U quantities of -0.29%, suggesting that a natural fission
event occurred in the geologic past (Toulhoat et ai, 1996, Pederson et a i, 1996).
Metallic uranium does not occur in nature. Although uranium can exist in several
valence states, at near surface conditions, uranium exists either in the uranous form, U^ or
in the uranyl form, U**". Complexes of these two forms have drastically difierent chemical
behavior. The uranyl state, which is most commonly in the form of the uranyl ion (UOj"*),
is very soluble in aqueous solutions; whereas the uranous ion (U"**) is extremely insoluble.
This disparity is the cause of uranium’s cyclic behavior. Oxidizing conditions cause the
mobilization of uranium. Reducing conditions favor uranium accumulation. An Eh-pH
diagram of the U-Oj-HjO system is shown in figure 1.2. The shaded rectangle represents
the Eh and pH conditions normally found in near surface water (Langmuir, 1978).
The uranous form of uranium (U^) is primarily found as the oxide mineral
uraninite (UOj), otherwise known by its varietal name, pitchblende. Other uranous
minerals, such as coffinite and tyuyamunite, exist, but occurrences are rate. Due to the
very low solubility of uraninite, it is practically immobile at near surface conditions.
However, it has been shown that after uranium is reduced to the uranous form, there is a
long period of time before uraninite is precipitated allowing the advective movement of the
uranous ion (Gascoyne, 1992).
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Figure 1. 2 Eh-pH Diagram of U%

,U*^ at 25° C (Langmuir, 1978).
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Uranium in the uranyl state can occur in many forms, but is primarily found in the
form of the uranyl ion (UOj^*) (Langmuir, 1978). In systems with high concentrations of
dissolved carbon dioxide, the uranyl ion can form the highly mobile uranyl carbonate,
[(UOzlfCOg))]^. hi systems with high chloride concentrations, uranium can exist as
soluble halide complexes; (UCl)^, (U C y^\ and (UCy* (Giblin, 1980). When solutions
containing uranium halide complexes are diluted, the decrease in chloride concentrations
causes the complexes to become unstable with the resultant precipitation of uranous
compounds.
The transformation of uranium from the uranous form to the uranyl is the result of
oxidation with oxygen being the primary oxidant. During the Precambrian, the Earth’s
atmosphere was devoid of oxygen and, therefore, a reducing environment was pervasive
(Boichenko et a i, 1975). The reducing conditions of the early atmosphere and hydrosphere
would have suppressed uranium mobilization leaving it contained in silicate rocks. The
increase of oxygen in the atmosphere in the late Precambrian is attributed to the
proliferation of blue-green algae. Not until oxygen concentrations began to rise in the early
Phanerozoic did uranium become oxidized, thereby migrating to areas of local reducing
conditions that would concentrate the uranium as ore bodies.
Three reducing agents are suspected to reduce uranium and form ore bodies;
organic material (humic matter and reduced carbon compounds, such as methane), ferrous
iron, and hydrogen sulfide. Hydrogen sulfide was believed to be the primary agent due to
the frequent occurrence of uranium ores with sulfide deposits (Hostetler and Garrels,
1962). The reduction of uranium by aqueous sulfide species (H^S, H S , and S*') was
verified experimentally by Mohagheghi and Goldhaber (1982).
1 .6

Uranium Ore Deposition
Since the late fifties, it has been known that anaerobic sulfate-reducing bacteria can

reduce sulfate to hydrogen sulfide in groundwater, in order to produce energy (Jensen,
1958). The reduction of sulfate produces groundwater saturated in hydrogen sulfide, a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

reductant. It was thought that the mobile uranyl ion then migrated into these areas, rich in
dissolved hydrogen sulfide, where it was reduced by hydrogen sulfide to tetravalent
uranium and precipitated out as uraninite.
Sulfides in sedimentary environments can be either biotic or abiotic in origin
(Jensen, 1958, Rackley, 1972). However, at near surface conditions, hydrogen sulfide is
primarily biologically produced by the actions o f sulfate-reducing bacteria (Jensen, 1958,
ZoBell, 1963, Goldhaber and Kaplan, 1974, Postgate, 1979). These sulfate-reducing
bacteria belong to the genus Desulfovibrio and obtain energy by oxidizing organic
compounds, such as lactate and formate, or hydrogen, with the subsequent reduction of
sulfate to sulfide (Postgate, 1979).
Most uranium deposits contain pyrite or other iron-sulfide minerals (Austin, 1970)
with some deposits containing such intimate mixtures that they appear to have been formed
by co-precipitation (Reynolds and Goldhaber, 1983) and thus strengthen the case for an
association between sulfur and uranium. However, it does not explain the fact that
uranium ores are not universally associated with sulfides.
About 95% of the uranium deposits in the United States are in sandstone deposits
(Mohagheghi, 1985). These deposits are found in arkosic or quartzose sandstone
interbedded with siltstone and claystone (Adler, 1974). The two major classes o f
sandstone type deposits are roll-front or tabular. This distinction between the deposit type
is based upon the morphological orientation of the ore.
The most common class of deposit is roll-front, which is crescentic in cross-section
and consists of three zones: an updip zone (Zone I) which is usually reddish due to ferric
iron content, the ore zone (Zone 11) which is black and contains uraninite and pyrite; and a
downdip zone (Zone HI) containing pyrite (Granger and Warren, 1969) (Figure 1.3). The
roll-front deposit is considered to be dynamic and moving. It seems to form when the
mobile uranyl ion moves into a zone of reducing conditions which cause the precipitation of
reduced uranium. New uranyl ions are constantly moving into the zone and being reduced.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Zone I

Zone II
Zone in

Figure 1. 3 Diagram of Roll-Front Deposit showing Zone I, updip zone; Zone H, ore zone;
and Zone m , downdip zone.
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Concomitantly, oxidizing groundwater is moving downdip causing the re-mobilization of
the updip zone of the deposit The interaction of an oxidizing tail and reducing front causes
a concentration of the uranium and an ore body is formed.
In a study to characterize the occurrence of microorganisms associated with
uranium deposits, Updegraff and Douros (1972) carried out systematic screening of 63
uranium ores for microorganisms. The samples produced very few culturable organisms
with the majoriQr of the bacteria being of the genus Arthrobacter and Bacillus. Silverman
and Ehrlich (1969) observed that the bacterium Micrococcus latilyticus appeared to catalyze
the reduction of uranium by the following reaction:
(UOz)(OH)2 + 2e- + 2H + -» UfOH)^
However, no further work was done at that time to implicate a direct biological effect. The
study by Magne et a/.(l974), explored the role of bacteria in increasing the solubility of
uranium dispersed in granite deposits via bacterial oxidation. In laboratory studies using

Bacillus licheniformis, the solubiliQr of uranium increased from 2 to 97 times compared to
sterile controls.
In 1970, Viragh and Szolnoki added the sulfate-reducing anaerobe Desulfovibrio

desulfuricans to a solution containing sulfate and uranium. It was observed that sulfate
was reduced as well as uranium. They concluded that Desulfovibrio reduced the sulfate to
hydrogen sulfide, which in turn reduced the uranium. The authors concluded that
hydrogen sulfide production was integral in the formation of uranium ores. However, this
did not explain the fact that uranium ores are also found in zones not containing sulfur. For
many years the genesis of uranium ores was attributed to the indirect action of bacterial
production of hydrogen sulfide.
Some microorganisms can effectively remove uranium from solution by
biosorption. The microbial cell wall is capable of absorbing cations such as the uranyl ion
(Tsezos and Volesky, 1982; Beveridge cf a/., 1983; Galun era/., 1983). Microbial cells
surfaces are negatively charged and therefore interact with cations in solution. Beveridge et
II
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al. (1983) demonstrated that ceils of the gram-positive microorganisms Bacillus subtilis
could absorb large quantities of uranium into the cell wall. Conversely, gram-negative
bacteria, which have a significantly different outer surface, have approximately one-tenth
the binding capacity of gram-positive bacteria (Beveridge and Koval, 1981). A study by
Beveridge and Koval (1981) showed that the gram-negative bacterium E. coli absorbed
negligible quantities of uranium when it was present as the uranyl ion.
In 1991, an alternative view of uranium precipitation was published by Lovely et

a i, (1991). In this study uranium was added to sediments containing biologically
produced sulfide. The study used sediments with biologically active cultures and
sediments that had been heated to 90°C to kill the bacteria. Reduction of uranium was
found to proceed much faster and to a much larger extent in the sediments with active
organisms. These results suggested that uranium deposition in sedimentary environments
occurs when the uranyl ion enters areas with high microbial activity. Lovley et al. (1991)
showed that uranium reduction could be accomplished with sulfate-reducing organisms and
iron-reducing organisms and that this scenario satisfied empirical evidence more precisely
than the abiotic sulfide hypothesis.
1 .7

M icrobial Uranium Reduction
Microbial reduction of soluble U(VI) to insoluble U(IV) thus plays an integral role

in the geochemical cycling of uranium and may also serve as a novel mechanism for the
environmental remediation of uranium contaminated waters. The removal of dissolved
uranium from a variety of surface waters, groundwater, and waste streams is needed to
prevent or remediate environmental pollution. Several steps in the mining, processing and
refining of uranium ores generate large quantities of uranium-contaminated waters.
It has been suggested that the precipitation of U(IV) in anaerobic marine sediments,
as the result of microbial reduction, is the most significant global geochemical sink for
dissolved uranium (Anderson, R. F., et al., 1989; Klinkhammer, G. P., et al., 1991).
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Previous studies have shown that bioieactors o f uranium-reducing microorganisms can
rapidly remove dissolved uranium from water (Gorby and Lovley, 1992). The
microorganisms previously shown to reduce uranium include; Geobactermetallireducens;

Shewanella putrefaciens, respiratory iron (Fe II) reducing bacteria, and several species of
Desulfovibrio.
Dissolved uranium is typically in the hexavalent state and if there is carbonate in the
system, exists primarily as the uranyl carbonate complex, (UOjCOj) (Langmuir, 1978).
Studies have shown that sulfate-reducing bacteria of the Desulfovibrio genus are capable
of reducing the uranium of this ion complex to the tetravalent state, which subsequently
precipitates by bonding with the chemically available oxygen as uraninite, UO; (Gorby and
Lovley, 1992, Lovley and Phillips, 1992, Lovley et at., 1993). Lovley's group conducted
experiments that identified the responsible enzyme in the Desulfovibrio genus to be
cytochrome c3, a periplasmic electron transport protein.
Cytochromes are electron transferring proteins containing iron-porphyrin groups
(Lehninger, 1981). They transfer electrons from hydrogen containing compounds (i.e.:
lactate, succinate, pyruvate) using dehydrogenase, an enzyme that removes hydrogen from
complex molecules (Woodward, 1996). In aerobic organisms, the cytochromes pass the
electrons on to oxygen thus reducing it. In anaerobes, the electrons are used to reduce
compounds like sulfate or ferric iron. This electron transfer drives cellular metabolism by
synthesizing ATP (Atlas, 1988) (Figure 1.4).
Cytochromes are found in the endoplasmic reticulum, periplasmic space, or
embedded in the cell membrane, depending on the organism (Atlas, 1988) All cytochromes
undergo reversible Fe(II)-Fe(III) valence changes during their catalytic cycles. By
becoming oxidized and subsequently reduced, the cytochromes transfer electrons (Atlas,
1988). Cytochromes are classified with subscript letters and numbers indicating subtle
difference in chemical species. The redox potential for cytochromes ranges from +0.22 V
to -0.49 V (Lehninger, 1981).

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ADP + Pî

ATP

ATPase
complex'^

Inside
Cytoplasmic
membrane
Outside

Figure 1.4 Diagram of Electron Transport System. Hydrogen ions are shuffled through
the ATPase enzyme thus energizing the production of ATP. Fqand F, are the two main
components o f ATPase (Atlas, 1988).
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The cytochromes of the Desulfovibrio genus are classified as cytochrome c3 and are
exclusive to this genus. These cytochromes have four iron-containing redox centers
(hemes) making it a tetraheme cytochrome c3. Other species have cytochrome c3
molecules with up to sixteen hemes. Current research shows that different species of

Desulfovibrio have cytochrome c3 with varying redox potentials from -0.27 to -0.4 V
(Haladjian et a i, 1987).
Cytochrome c3 can donate electrons to several donors within its redox potential
range, such as sulfate, uranium and oxygen. It is necessary to remove any electron
acceptors with higher redox potentials than the target acceptor, as these will preferentially
accept available electrons. For this reason, the reduction of uranium or sulfate will not
occur when oxygen is present. Some organisms, termed facultative, can derive energy
from the reduction of oxygen until it is depleted then switch to other sources as terminal
electron acceptors, implementing anaerobic respiration (Atlas, 1988).
£. coli is a facultative organism that can initially use oxygen and then other
compounds, such as nitrate, as terminal electron acceptors (Atlas, 1988). The reduction of
oxygen by E. coli has been exploited commercially in a product called Oxyrase, an
enzymatic oxygen removal system (Adler, 1981). Oxyrase is a sterile preparation of the
membrane bound cytochrome system of £. coli along with the electron donors, lactate and
succinate. When Oxyrase is added to an oxygenated solution such as a bacterial medium,
the Oxyrase electrons are transferred from lactate and succinate to oxygen, making water
and creating an anaerobic environment (Adler, 1981).
In this study, preliminary experiments with the product Oxyrase showed that it was
capable of reducing uranium in solutions that were initially oxic. This discovery led to
subsequent experiments using whole cells and cellular fractions of £. coli to reduce
uranium. There is no available literature on uranium reduction by an aerobic organism.
Therefore, the discovery that a facultative aerobe is capable of reducing uranium is novel
and significant.

15
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The aim of this study is to characterize uranium reductase activi^ in Desulfovibrio

desulfuricans as whole cells and cell extracts in both free and immobilized forms.
Immobilization onto solid supports of an inorganic polymer and onto chemically modified
cellulose are discussed below. This study will determine whether uranium reduction is
possible in the facultative aerobe E. coli and whether the responsible enzyme is membrane
bound or soluble. Preliminary evidence will be presented suggesting a correlation between
microbial reduction and isotopic fractionation of

and “ *'U.
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CHAPTER 2 EXPERIMENTAL DEVELOPMENT
2 .1

Introduction
Several procedures were evaluated before the uranium reductase study could begin.

These procedures included cultivation of organisms, procedures for enzyme extraction
from whole cells, optimization o f buffering solutions, storage o f enzyme extracts,
subsequent purification of enzyme extracts, and general logistics of experimental design
specific to handling radioactive and biological compounds.
2 .2

Organism C ultivation
A method of cultivating the organisms and a method o f harvesting whole ceils and

active enzyme extracts from the organisms were developed based upon previous research
(Lovley and Phillips, 1992; Eng and Neujahr, 1989). All handling of the organisms was
done under aseptic procedures.
The organism Desulfovibrio desulfuricans has been extensively studied by other
researchers and was therefore chosen to be the model sulfate reducer for this study. The
bacterium was obtained from the American Type Culture Collection (ATCC# 29577). The
facultative aerobe Escherichia coli strain B/r-ORNL was provided by Oxyrase Laboratories
of Kams, TN. D. desulfuricans was grown in orygen-free Modified Baars Media
(ATCC# 1249) at 37®C in sealed vessels. The commercial product Oxyrase (Mansfield,
OH) was used to generate anaerobiosis in the vessels in order to culture this obligate
anaerobe. Cells were grown for fifteen hours before being harvested by centrifugation.
Cells were washed by re-suspension in a buffer of 30 mM sodium bicarbonate, pH 7.0 and
then re-pelleted. This was done three times with a final re-suspension into the same buffer.
The buffer was made anaerobic by sparging with sterile oxygen-fiee nitrogen.
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In order to establish a growth curve for D. desulfuricans an aliquot of 1.5 ml o f a
twenty-four hour old culture was added to 20 ml of ftesh media in triplicate in order to
measure growth over time. The experiment was done in triplicate. Growth was quantified
by measuring the optical density of the media at 590 nm on a bench top spectrophotometer
(Evans, 1996). Triplicate samples were averaged and a growth curve for the organism
plotted (Figure 2.1). The growth curve showed a two hour lag phase in which growth was
slow, followed by log phase growth period lasting approximately nine hours before going
into stationary phase. Previous work has shown that uranium reductase activity is
strongest using cells that are in stationary phase growth (Gorby and Lovley, 1992).
The E. coli cells were grown overnight in broth containing 5 g tryptone, 5 g yeast
extract, and 5 g sodium chloride at 37°C on a rotary shaker (ICX) rpm). Cells were
collected by centrifugation at 5000 rpm for 5 minutes. Cells were washed three times in 30
mM sodium bicarbonate buffer, pH 7.0 and re-suspended in 20% of their original volume
in bicarbonate buffer. Cells were allowed to rest prior to experimentation for two hours at
37C on a rotary shaker (1(X) rpm), to minimize shock.
2 .3

Cytochrom e Extraction
Literature was reviewed for methods to extract cytochrome c3 from the periplasm of

D. desulfuricans. The procedure by Eng and Neujahr (1989) for extracting a periplasmic
protein solution from D. desulfuricans containing cytochrome c3 was followed.
Two liters of Modified Baars media (ATCC# 1249) were inoculated with D.

desulfuricans and grown for 6 days at 37°C. The solution was placed on ice and bubbled
with compressed air to disperse the hydrogen sulfide for 30 minutes. Cëlls were then
pelleted and re-suspended in anaerobic sodium bicarbonate buffer (30 mM). The cells were
re-pelleted and yielded 2.5 g of wet cells. The pellet was suspended in 5.0 ml of
Tris/EDTA extraction solution, pH 9.0,37®C. The solution was gently stirred for 20
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Figure 2.1 Growth of D. desulfuricans as Measured by Increase in Optical Density.
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minutes. The sample was pelleted leaving a deep brown supernatant. Sample was scanned
by UV-visible spectrum spectrophotometer and gave an absorbance peak at 409 nm, cor
responding to the chromophore o f cytochrome c3 (Eng and Neujahr, 1989) (Figure 2.2).
Using this procedure, cytochrome c3 was successfully extracted 6om D. desulfuricans.
Cytochromes have a red tint due to the iron center and the extractant buffer was colorless.
Therefore, extraction could be observed as a deep red color developed. According to
Beer’s Law, the darker the color the more concentrated the solution. Subsequent
extractions continued to remove cytochrome c3 from the cells.
2 .4

Protein Purification
After extracting a cytochrome-containing solution from D. desulfuricans subsequent

purification was attempted to isolate only cytochrome c3 from other cellular proteins
extracted into the solution. The periplasmic extract previously described, was passed over a
gel affinity (ion exchange) column in order to isolate the cytochrome c3 from other proteins
present. Gel affinity works by binding proteins of a specific charge and allowing
oppositely charged proteins to pass through. Non-globular proteins such as cytochrome c3
have areas of varying charge (Evans, 1996). Therefore, by changing the pH of the buffer
solution it is possible to protonate the target protein making it either positive, negative or
neutral. The pH at which the target protein has no charge is called the isoelectric point
(Atlas, 1988). At pH 9.0 cytochrome c3 should be positively charged and should adhere to
a cation exchange resin.
The periplasmic extracts from two harvests were combined and dialyzed against 5
mM Tris, pH 9.0 for 36 hours, with three solution changes, in order to remove the excess
salt Grom the solution. A 25 ml plastic column was loaded with 15 ml of CM-Sepharose, a
cation exchange resin and equilibrated with the buffer by washing with two column
volumes of potassium phosphate buffer (50 mM). The periplasmic extract was spectrally
scanned prior to loading onto the column (Figure 2.3 A). The flow through was collected
and scanned for cytochrome c3. The column was then washed with three volumes of
20
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Figure 2.2 Spectrogram of Purified Cytochrome c3, showing absorbance for cytochrome
c3 at 409 nm.
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Figure 2.3 Spectrogram of Cytochrome Extract before (A) and after (B) Column
Purification.
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potassium phosphate (20 mM, pH 7.5). These wash fractions were combined and
analyzed spectrophotometrically for cytochrome c3 but none was apparent. In order to
liberate the bound cytochrome 6om the column a wash of 5(X) mM sodium chloride, pH
7.5 was elated through the column (Figure 2.3B). In this figure it is apparent that no
cytochrome c3 was released.
Figure 2.3 shows spectrograms of the extract prior to loading onto the column (A)
and of the eluted volume (B) that should contain the cytochrome c3. The large absorbance
area from 200-320 nm in the spectrogram is due to the amino acid tyrosine, a common
amino acid in many proteins (Evans, 1996). Notice there is an assumed maximum drop in
absorbance for the sample eluted off the column (Figure 2.3-B) with no observed peak for
cytochrome at 409 nm. This method did not yield good results for the purification of
cytochrome c3 from the periplasmic extract and was therefore abandoned. It is possible that
the cytochrome c3 was bound so tightly to the exchange resin that it could not be release
without more aggressive procedures which may denature the protein. Subsequent
experiments using cytochrome extracts will be done with a crude preparation of periplasmic
proteins.
During a routine freeze storage of the periplasmic extract, it was observed that after
freezing, the samples had a dark red ring around the top of the test tube while the bottom
was clear. As noted, cytochrome c3 has a red color due to the iron heme group in the
molecule. The freezing of the sample appeared to cause an accumulation of the
cytochrome. The dark red ring was removed Aom the tube and scanned. A very high
absorbance peak at 409 nm indicated that this freezing process was concentrating the
cytochrome. An experiment was designed in which sodium dodecylsulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed on a crude periplasmic extract then
compared with the band densities of a freeze concentrated sample. Two samples of
periplasmic extract were combined and dialyzed, and a sample taken before freezing. The
next day the sample was allowed to thaw for 3 minutes and the red ring removed with a
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syringe. A subsample o f 40ui of the red concentrate was transferred to 1.5ml Eppendorf
tubes. Added to each tube were lOul of sodium dodecylsulfate and 2.5ul of
beta-mercaptoethanol. Five microliters of each sample were loaded onto a PhastGel
electrophoretic gel system, in duplicate, and run according to traditional SDS-PAGE
parameters.
Upon staining, the band pattern shown in Figure 2.4 emerged. These bands
represent proteins and are spatially separated on the gel based upon protein size (Evans,
1996). A protein dye then allows observation of the location and densities of the bands.
The denser the band, the greater the quantiQr of protein present (Evans, 1996). This gel
analysis suggests that the freeze treatment does concentrate all the proteins in the sample. It
is probable that the proteins (mainly cytochrome, because of the color) freeze before the
water in the solution, or are more likely excluded from the freezing water. The water would
then freeze, trapping the protein band in the ice, thus concentrating the cytochrome c3.
An experiment was designed to determine if pre-treatment of the periplasmic extract
with a cation and anion exchange resin would bind proteins with the respective charge and
allow the freeze treatment to purify proteins of opposite charge through concentration.
Because cytochrome c3 is positively charged it was thought that adding anion exchange
resin to the extract would bind the other proteins and allow them to be separated before
freezing.
The red ring of a üozen periplasmic extract sample was removed and split into three
40ul subsamples. To one subsample of periplasmic extract, 50ul of a CM-Sepharose
suspension was added. To the other subsample DEAE-Sepharose was added; and to the
third and final subsample nothing was added. All three subsamples were agitated for 20
minutes and centrifuged to separate the sepharose beads frrom the samples. The samples
were then run on Sodium-Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDSPAGE) with markers. As illustrated on the gel in Figure 2.5, the bands for samples treated
with differently charged resins do not have significantly different densities, suggesting that
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#

Figure 2.4 Electrophoretic gel of Periplasmic Extract before and After Freezing. Outer
band represent maricer dyes, the two bands at left are duplicate samples before freezing,
and the two bands at right are duplicate samples after fr%zing.
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Figure 2.5 Electrophoretic gel showing bands for each protein in periplasmic extract. The
two outer lanes are molecular weight markers, the first two lanes are duplicates treated with
an anion resin and the last two lanes were treated with a cation resin.
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ion exchange resins ate not capable of selectively preventing concentration of charged
proteins when freezing.
2 .5

Analytical technique
Uranium reduction was measured by the disappearance of hexavalent uranium over

time. Hexavalent uranium was measured using a kinetic phosphorescence analyzer, KPA10 manufactured by Chemchek instruments (Richland, WA) based on the method described
by Lovley and Gorby (1990). Sample preparation involved removing 0.1 ml of the
experimental solution and adding it to 99.9 ml of anaerobic uranium-free water. This
dilution was necessary due to the dynamic range of the instrument One ml of this diluted
solution was then mixed with 1,5 ml of Uraplex, a proprietary uranium complexing agent
before being analyzed. Analytical error, precision and accuracy of this method are
discussed in Chapter Three.
2 .6

Evaluation of Error
Tables of all analytical data are presented in the Appendix. Where indicated in the

figure legends, data points are mean values of two or three trials with error bars at one
standard deviation from the mean. If mean is not indicated, the experiment was a single
trial. Data points in single trials have a maximum possible experimental error of 10% of the
reported value, as discussed in Chapter Three. In single trial experiments, data points in the
asymptotic portion of the curve were averaged and a standard deviation calculated. These
values can then be compared with other treatments within the experiment to determine
whether the mean values differ by more than one standard deviation.
2 .7

Uranium Reduction using Oxyrase
The commercial product Oxyrase was used to create anaerobiosis in bacterial media.

This is done by membrane bound enzymes from the organism E. coli. These enzymes
reduce oxygen by using it as a terminal electron acceptor. The following experiments were
designed to determine if Oxyrase membranes are capable of reducing uranium. Oxyrase is
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provided as a sterile solution containing a suspension of buffered membranes with lactate
and succinate as electron donors with a small quantity of cysteine to keep the membranes in
a reduced state. One ml of Oxyrase for Broth (OB) was added to 4.0 ml of a uranium
bicarbonate solution as a treatment. Autoclaved Oxyrase was used as a heat-killed control.
All samples were kept at 37°C. Oxygen was not excluded from the system. The product
EC7NS (& colU no substrate) containing membranes only was also used.
Loss of hexavalent uranium was observed over time using viable membranes and
heat-killed membranes. The non-autoclaved membranes reduced uranium faster and to a
greater extent than the membranes that were heat-inactivated by autoclaving (Figure 2.6).
There was no exogenous electron donor provided in this experiment. Therefore, the
reducing power was contained in the membrane preparation.
The last three data points of each treatment are fairly constant. The mean for these
points in the EC7NS treatment is 12.6 mg/L hexavalent uranium with a standard deviation
of ±3.2 mg/L. The mean for the autoclaved EC/NS is 64.1 mg/L hexavalent uranium with
a standard deviation of ±10.8 mg/L. There is a statistically significant difference between
these two treatments because the means do not overlap. Oxyrase contains cysteine-HCl, an
amino acid with reducing ability. Cysteine is oxidized to cystine with the release o f
electrons, and has a redox couple of -0.025 V (versus Standard Hydrogen Electrode)
(Jocelyn, 1967). Therefore, it is possible that cysteine is capable of reducing uranium.
2 .8

Uranium Reduction using Cysteine
In order to determine if cysteine can reduce uranium, the following experiment was

designed. One ml of a cysteine solution was added to 4.0 ml of composite solution to yield
a final concentration of 100 mM cysteine. It was analyzed using Kinetic Phosphorescence
Analysis (KPA). There was no hexavalent uranium detected in the sample by KPA. This
was caused either by complete and total reduction of the uranium by the cysteine, which is
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Figure 2.6 Uranium Reduction Using Oxyrase Membranes (EC/NS). Error bars indicate
assumed maximum analytical error for each observed value.
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possible since cysteine has reducing abili^, or by interference of the KPA by the cysteine.
To eliminate this factor, Oxyrase containing no cysteine was used in future experiments.
2 .8

Oxyrase with Cyanide Control
In order to confirm that the Oxyrase membranes were reducing uranium and not just

binding it, the experiment was repeated using a cyanide treated control. Cyanide is a
powerful electron transport system inhibitor that binds to cytochrome, preventing it from
exchanging electrons. One ml of Oxyrase was added to 4.0 ml of uranium bicarbonate
solution. As a control, several crystals of sodium cyanide were added to one sample.
Reduction was analyzed as previously described. Cyanide inhibited the reduction of
uranium by the Oxyrase. There is no loss of hexavalent uranium over time in the cyanide
treated sample (Figure 2.7). The mean of the last two points which are fairly constant for
EC/NS autoclaved is 68.45 mg/L hexavalent uranium with a standard deviation of ±13.5
mg/L. The mean for EC/NS autoclaved with cyanide is 125.5 mg/L hexavalent uranium
with a standard deviation of ±4.45 mg/L. The difference in the means for these two
treatments is significant. Cyanide does have an effect Because cyanide blocks electron
transport in the cytochrome system it follows that we are not observing a binding
phenomena but a metabolic reduction.
2 .9

Dialysis o f Oxyrase Membranes
In order to purify the EC/NS membranes more extensively they were dialyzed for

two days. This purification may remove any reducing power that is stored in the
membranes. After purification the membranes were assayed for uranium reductase activity.
Twenfy ml of EC/NS were added to dialysis tubing with a molecular weight cutoff
of 6000-8000 daltons and dialyzed against 2.0 L of ultrapure water. This would contain
the membranes but allow all other soluble chemicals to diffuse out into the 2.0 L of de
ionized water. The EC/NS was dialyzed at 4° C for 48 hours. A one ml aliquot was added
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Figure 2.7 Effect of Cyanide and Autoclaving on Uranium Reduction Using Oxyrase
(EC/NS). Error bars indicate assumed maximum analytical error for each observed value.
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to 4.0 ml of uranium bicarbonate solution in the following treatments; EC/NS+ lactate (20
mM) and EC/NS (not dialyzed)+lactate (20 mM). The results are shown in Figure 2.8.
The mean o f the last three determinations (125.8 rag/L± 1.7mg/L uranium) for the dialyzed
material is not significantly different from the starting concentration, whereas the
nondialyzed control experiments exhibit reductive ability (10.1 mg/L ±3.1 mg/L uranium).
The lack o f uranium reduction in the dialyzed sample suggests that something necessary for
the EC/NS to reduce uranium has been removed during dialysis (Figure 2.8). The sample
was taken to Oxyrase labs and checked for its abiliQr to reduce oxygen. The dialyzed
EC/NS was capable of reducing oxygen when supplied with lactate as a donor. This leads
to the suggestion that there is another system besides the one reducing oxygen, or some cofactor is needed to achieve the uranium-electron couple that is not needed for oxygen
reduction.

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

a — EC/NS+Lactate
e - Dialyzed EC/NS+Lactate
140

120
100

li

S

0

10

20

30

40

50

60

70

Tim e(hrs)

Figure 2.8 Effect of Dialysis on Uranium Reduction using EC/NS. Error bars indicate
assumed maximum analytical error for each observed value.
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CHAPTER 3 REDUCTION AND PRECIPITATION OF URANIUM
3 .1

Introduction
The removal of dissolved uranium firom a variety of surface waters, groundwater,

and waste streams is desirable to prevent or remediate radionuclide contamination. Several
steps in the mining, processing and refining of uranium ores generate large quantities of
uranium-contaminated waters (Bradford et a i, 1990; Osiensky et al., 1990).
The microbial reduction of soluble uranium U(VI) to insoluble uranium U(IV) may
play an important role in the geochemical tycling of uranium (Mohagheghi et a i, 1984,
Lovley et a i, 1991, Lovley and Gorby 1992, Lovley and Phillips 1992. It has been
suggested that the precipitation of U(IV) as the result of U(VI) reduction in anaerobic
marine sediments is the most significant global geochemical sink for dissolved uranium
(Anderson et aL, 1989; Klinkhammer et aL, 1991). This biotransformation may serve as a
novel mechanism for the environmental remediation of uranium contaminated waters.
Dissolved uranium is ^ ic a lly in the hexavalent state and exists mainly as the
uranyl carbonate complex, UO^CO^ or as the fiee uranyl ion,

(Langmuir, 1978).

Studies by Lovley and Phillips (1992) have shown that the bacterium Desulfovibrio

desulfuricans is capable of reducing uranium in this ion complex to the tetravalent state
which subsequently precipitates out o f solution as uraninite, UOj. The reduction of
uranium is described by Langmuir (1978) as;
+ 4H* + 2e‘ *

+ 2H2O

E = - 0.273 V

In previous studies of uranium reduction by microorganisms, the focus has been on
the obligate anaerobic sulfate-reducing genus, Desulfovibrio (Mohagheghi et a i, 1984,
Lovley et al., 1991, Lovley and Gorby 1992, Lovley and Phillips 1992). Members of this
genus naturally utilize either molecular hydrogen or simple organic compounds, such as
lactate or pyruvate, as electron donors in the reduction of sulfate to hydrogen sulfide (H^S)
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(Updegraff and Douros 1972). Several species of Desulfovibrio have been shown to
reduce uranium and can do so independent of sulfate-reduction (Lovley and Phillips 1992).
It is probable that the reduction of uranium occurs at or near the surface of the
bacterial cell. It is there that the electron transport system is actively shufQing electrons
down enzyme mediated gradients. An important group of proteins involved in developing
these gradients are the cytochromes. Cytochromes are electron transferring proteins
containing iron-porphyrin groups. The iron atom in the center of the molecule vacillates
between the oxidized and reduced state, acting as a conduit for electrons. Cytochromes
transfer electrons from reductants, such as lactate, succinate and pyruvate via
dehydrogenase, an enzyme that removes hydrogen from complex molecules (Atlas, 1988).
In the case of aerobic organisms, the cytochromes pass the electrons on to oxygen, thus
reducing it. With anaerobes, the electrons are transferred to compounds such as sulfate or
ferric iron, reducing them. It is apparent from the study by Lovley et aL, (1993) that the
cytochrome specific to the genus Desulfovibrio (cytochrome c3) is also capable of reducing
uranium. This electron transfer drives cellular metabolism by synthesizing ATP (Figure
3.1).
This study characterizes the reduction of uranium by whole cells of D.

desulfuricans and examines the influence of cell immobilization on uranium reduction.
Uranium reduction by an enzyme extract of D. desulfuricans is presented with data on the
effect of extract immobilization onto sepharose gel. Evidence is shown demonstrating
uranium reduction in the facultative aerobe E. coli, using both whole cells and cellular
fractions, a phenomenon never before observed.
3 .2

Experimental Design
The D. desulfuricans experiments in this study used a cell suspension, cells

immobilized onto Biosep Beads, a soluble cytochrome extract and a sepharose gel
immobilized extract. Experiments using E. coli employed a suspension of whole
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Figure 3.1 Diagram of Electron Transfer from Molecular Hydrogen via Hydrogenase
(H2ase) to Cytochrome c3, Terminally Reducing Uranium (Lovley, 1992).
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cells, a membrane only fiaction and a soluble extract All experiments were carried out
using 100 ml serum vials containing 10 ml of cell suspension or, in the case of D.

desuljuricans, cytochrome extract Uranium was provided as uranyl acetate from a sterile
stock of 3 mM. The electron donor was provided as sodium lactate from a sterile stock of
160 mM. fri experiments where pH was variable, adjustments were made using nitric acid
and sodium hydroxide. All experimental solutions using D. desulfuricans were sparged
with oxygen-free nitrogen prior to the addition of cells in order to eliminate dissolved
oxygen. Hydrogen was provided as an electron donor by injecting 10 ml of hydrogen gas
into the headspace of the vial. Heat-killed cells used for control were autoclaved for 20
minutes at 15 lbs of pressure and 112®C.
3 .3

Culturing and Handling of Organisms
The organisms used in this study were the anaerobe, Desulfovibrio desulfuricans,

obtained from the American Type Culture Collection (ATCC# 29577) and the facultative
aerobe, Escherichia coli strain B/r-ORNL, provided by Oxyrase Laboratories of Kams,
TN. D. desulfuricans was grown in Modified Baars Media (ATCC# 1249) at 37° C in
sealed vessels. The commercial product Oxyrase (Mansfield, OH) was used to generate
anaerobiosis in the vessels in order to culture this obligate anaerobe. Cells were grown for
15 hours before being harvested by centrifugation. Cells were washed by re-suspension in
a buffer of 30 mM sodium bicarbonate, pH 7.0, and then re-pelleted. This was done three
times with a final re-suspension into the same buffer. The buffer was made anaerobic by
sparging with sterile oxygen-free nitrogen. The £, coli cells were grown overnight in broth
containing 5 g tryptone, 5 g yeast extract, and 5 g sodium chloride at 37° Con a rotary
shaker (ICX) rpm). Cells were collected by centrifugation at 5000 rpm for 5 min. Cells
were washed three times in 30 mM sodium bicarbonate buffer, pH 7.0 and re-suspended in
20% of their original volume in bicarbonate bufier. Cells were allowed to rest for two
hours at 37° Con a rotary shaker (100 rpm) prior to experimentation in order to minimize
shock.
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3 .4

Im m obilization to Biosep Beads
Biosep beads used for immobilization o f bacterial cells ate a proprietary product

developed by DuPont, Inc. These polymer beads are quasi-spherical with a highly porous
surface into which bacteria can diffuse and grow. A one liter volume of cells was grown,
pelleted, washed and re-suspended in 10 ml of bicarbonate buffer. This suspension
containing about 60 mg/ml of biomass (dry weight) was added to five grams of beads that
had been washed and equilibrated in buffer for 12 hours and stirred gently for 12 hours at
37° C. The beads were then removed from the suspension and gently washed with buffer.
The beads were mixed with 10 ml of anaerobic buffer under a nitrogen atmosphere.
Uranium and appropriate electron donors were then added to begin the experiment A
control containing beads without cells was also used.
3 .5

E xtraction of periplasmic proteins
In experiments in which cytochrome c3 was extracted, the cells were washed and

re-suspended in an extraction buffer (50 mM Tris/HCL; 50 mM EDTA; 0.5 mM PMSF,
pH 9.0) according to the method developed by Eng et al. ( 1993). The suspension was then
frozen at -75° C for five hours to rupture the cell walls. The suspension was thawed to 37°
C and the cells shaken gently for 1 hour. The suspension was then centrifuged and a deep
amber supernatant collected. The cells were discarded.
The presence of cytochrome c3 in the extract was confirmed by detection of a
spectrophotometric absorption maximum at 409 nm (Eng et al., 1993). In experiments in
which the extract was coupled to sepharose gel, the sample was dialyzed against a coupling
buffer of 100 mM sodium bicarbonate, 500 mM sodium chloride with a pH of 8.3.
3 .6

Im m obilization of periplasm ic proteins to Sepharose
The cytochrome extract was coupled to cyanogen bromide-activated sepharose gel

(CNBr-Sepharose), hereinafter referred to as “sepharose gel.” The cytochrome extract
from 4.0 L of Desulfovibrio desulfuricans was used as the ligand for immobilization. After
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dialysis, the extract was brought up to a volume of 12 ml with the coupling buffer. Two
grams of freeze dried sepharose gel were washed with 1 mM HCl to remove additives and
to swell the material. Ten ml of the extract were then added to the sepharose gel in a
stoppered test tube. The tube was gently agitated at room temperature for 1 hour then
transferred to a 4° C cold box and gently agitated for 20 hours. The supernatant was
collected by centrifugation and the sepharose gel washed with 10 ml of coupling buffer.
The wash liquid was reserved. In order to block any remaining active groups on the
sepharose gel from binding uranium, the sepharose gel was suspended in 0.1 mM Tris/HCl
pH 8.0 for two hours. The sepharose gel was then washed through a sintered glass funnel
with 3 cycles of altemating buffers; 0.1 M acetate buffer containing 0.5 M sodium
chloride, pH 4.0 and 0.1 M Tris/HCl containing 0.5 M sodium chloride, pH 8.0. The
sepharose gel was finally washed and suspended in 10 ml of coupling buffer and stored at
4°C.
To determine the efficiency of coupling, the supernatant, the wash and the extract
were analyzed spectrophotometrically for the cytochrome c3 absorption peak at 409 nm. A
control containing sepharose gel only was used to determine the extent of uranium binding.
3 .7

Separation of Cell Fractions
Fractionation of E. coli cells into a soluble extract and a membrane fraction was

done by sonicating an ice cooled cell suspension for ten minutes. The membrane fraction
and the soluble extract were then separated by centrifugation. Spectrophotometric scans of
the extract were used to determine the presence of cytochrome c3.
3 .8

Analytical technique
Uranium reduction was measured by the disappearance of hexavalent uranium with

time. Hexavalent uranium was measured using a kinetic phosphorescence analyzer, KPA10 manufactured by Chemchek instruments (Richland, WA) based on the method described
by Lovley and Gorby (1990). Sample preparation involved removing 0.1 ml of the
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experimental solution and adding it to 99.9 ml of anaerobic uranium-free water. This
dilution was necessary due to the dynamic range of the instrument (0.01 p.g/L -1000 pg/L
hexavalent uranium). One ml of this diluted solution was then mixed with 1.5 ml of
Uraplex, a proprietary uranium complexing agent, before being analyzed. Prior to each
experiment, certified hexavalent uranium standards o f 1.0 pg/L and 100 pg/L were run to
verify the calibration of the instrument If results were not within ± 10% o f the expected
value, the instrument was recalibrated. In order to control the precision of the sample
handling technique, the 100 pg/L uranium standard was analyzed 3 times. If the observed
value of this standard varied by more than 5% of the accepted value, the instrument was tecleaned, cuvettes were acid-washed and the Uraplex reagent checked for purity. Multiple
experiments showed that at a concentration range o f 250 pg/L hexavalent uranium the
measured precision was less than ± 5% of the analytical value. In experiments where
analytical error could not be directly determined, the ± 10% used to assess the reliability of
the calibration was substituted as an estimate of the assumed maximum analytical error.
3 .9

R esults
When cell suspensions of Desulfovibrio are exposed to uranium with either lactate

or hydrogen as the electron donor, hexavalent uranium is completely reduced in less than
13 hours (Figure 3.2). There is no loss of hexavalent uranium in the control treatment
containing cells with no electron donor. Preliminary studies confirmed that neither lactate
or hydrogen alone were capable of reducing uranium. This rapid loss has been shown for
several species of Desulfovibrio by other researchers (Lovley et a/., 1991; Lovley and
Phillips, 1992; Lovley and Phillips, 1992; Gorby and Lovley, 1992). However, the
determination of external factors such as cell concentration, pH and temperature on uranium
reduction has not been observed.
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Figure 3.2 Reduction of Uranium by D. desuljuricans Using Lactate (10 mM) and
Hydrogen (10 ml) as Electron Donors. Error bars indicate standard deviations for triplicate
trials of each data point
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Figure 3.3 shows the effect of cell concentration on uranium reduction. The
quantity o f hexavalent uranium in solution decreases rapidly in all experiments within the
first three hours and then remains essentially constant to the end of the experiment. The
effect of cell concentration is evident, but the quantity of uranium reduced is not directly
proportional to the increase in cell concentration. At a cell concentration of 8.3 mg/ml, 150
mg/L of hexavalent uranium has been reduced after five hours. Doubling the cell
concentration to 16.5 mg/ml results in an additional reduction of one-third as much
hexavalent uranium (-50 mg/L). The second doubling of cell concentration (to 33.5
mg/ml) produces a similar response and only reduces an additional 50 mg/L of hexavalent
uranium. The data suggest that there is a critical cell concentration level near 33.5 mg/ml
that is necessary to reduce 250 mg/L of hexavalent uranium. Upon averaging the last three
data points for each treatment in this experiment, a mean of 1.0 mg/L hexavalent uranium
with a standard deviation of ±1.73 mg/L was observed for the treatment containing 67.0
mg/ml cells. A mean of 2.3 mg/L hexavalent uranium with a standard deviation of ±4.0
mg/L was observed for the treatment containing 33.5 mg/ml cells. For treatments with
16.5 and 8.5 mg/ml cells, means of 50.0 mg/L hexavalent uranium and 101.6 mg/L
hexavalent luranium with standard deviations of ±1.0 mg/L and dh2.1 mg/L, respectively,
were observed. The behavior of the treatments with 67.0 and 33.5 mg/ml cells is not
significantly different. However, there is a statistically significant difference in the effect of
treatment when the cell concentration dropped to 16.5 and 8.5 mg/ml cells.
The valence state of uranium, as well as the activity of biologically active proteins
like cytochromes, are strongly influenced by the pH of the solution,. Figure 3.4 shows the
effect of pH on uranium reduction using a cell suspension of D. desulfuricans. This plot
shows that there is complete uranium reduction at pH 7.0 and 9.0; whereas pH 3 .0 and
5.0 have limited reduction. The mean for the last three data points at pH 3.0 is 149.0 mg/L
hexavalent uranium with a standard deviation of ±1.0 mg/L. At pH 5.0 the mean is 46.3
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Figure 3.3 Effect of Cell Concentration on Uranium Reduction by D. desulfuricans. Error
bars indicate assumed maximum analytical error for each observed value.
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mg/L hexavalent uranium with a standard deviation of ±19.0 mg/L. At pH 7.0, the mean is
1.3 mg/L hexavalent uranium with a standard deviation of ±1.3 mg/L. At pH 9.0, the
mean is 2.3 mg/L hexavalent uranium with a standard deviation of ±1.3 mg/L. The
overlapping means for treatments with pH of 7 and 9 show that there is not a difference
between these two treatments. Whereas the means for pH treatment 3 and 5 differ
significantly fix>m each other and fiom treatments with pH 7 and 9. This indicates that
there is a pH effect. In all experiments using suspensions of D. desulfuricans in which
there was reduction, a black precipitate formed about 8 hours after the hexavalent uranium
concentration reached zero. The precipitate was collected and analyzed by X-ray diffiaction
and was confirmed to be the tetravalent uranium mineral uraninite.
A uranium reduction assay of the cell-contacted Biosep beads is shown in Figure
3.5. Approximately 75 mg/L of uranium is removed from solution in all experiments after
one hour. This initial decrease in soluble uranium in the experiments containing pure
Biosep beads and mixtures of the beads with cells or lactate may be due to sorption of
uranium to the Biosep beads, but the reaction is characterized as non-specific binding
because the mechanism can not be identified. There is no significant further change in
reduction of uranium for the treatments containing binary mixtures of Biosep beads with
cells or lactate, and the hexavalent uranium in solution plateaus at approximately 175 mg/L.
The combination of Biosep beads with cells and lactate reduces approximately 100 mg/L
more hexavalent uranium, but is not complete after eight to ten hours of reaction. The
incomplete reduction may be caused by too low a cell density in the bead structure. The
cell suspension used to inoculate the beads contained -60 mg/ml of cells (dry weight basis)
which is an ample amount of biomass to reduce the amount of uranium present (Figure
3.3). The beads may restrict the activiQr of the absorbed cells, or they may not retain
enough cells to accomplish the complete reduction
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Figure 3.6 shows the results of a uranium reduction assay o f the periplasmic extract
using different electron donors and treatments. The greatest differences are apparent when
comparing the extract experiments with hydrogen as the electron donor to the other three
treatments. Unlike whole cells (Mean-D.d+Lactate, Figure 3.2), the cell extract could not
use lactate as an electron donor, as indicated by the constant hexavalent uranium
concentration (Mean-Extract+Lactate, Figure 3.6). In all likelihood, this is due to the
exclusion of lactate dehydrogenase in the extraction. Dehydrogenase enzymes are
membrane bound and would be removed from the periplasmic extract during fractionation
(Woodward, 1996). Uranium reduction by the extract progressed only when hydrogen was
supplied as an electron donor suggesting that cytochrome c3 can remove electrons directly
from molecular hydrogen. The behavior of the cell extract was similar to that observed for
whole cells witii hydrogen (Mean-D.d.+Hydrogen, Figure 3.2)
The periplasmic protein extract from D. desulfuricans has been shown by Lovley et

ai, (1993) to contain cytochrome c3 as the active uranium reductase. This extract was
analyzed spectrophotometrically for cytochrome c3 and assayed for uranium reduction prior
to being contacted with sepharose gel and after being contacted with the gel.
The first wash of sepharose gel was also analyzed to determine if any of the
cytochrome extract had been removed. Figure 3.7 shows spectrograms of the extract (a)
with the peak for cytochrome c3 being visible at 409 nm as well as the spectrogram for the
solution after contact with the sepharose gel (supernatant) (b), and the spectrogram of a
wash fraction (c) after passing through a column to remove any firee protein. Most of the
cytochrome in the extract was sorbed onto the sepharose gel and none was displaced in the
wash.
Figure 3.8 shows a uranium reduction assay of the cell extract, the gel-immobilized
extract, the supernatant obtained during the preparation of the extract and the pure gel. The
most pronounced changes in hexavalent uranium concentrations are observed in treatments
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containing gel-immobilized extract with hydrogen and cell extract solution with hydrogen.
After one hour, the concentration of hexavalent uranium has been reduced by 200 mg/L.
With extended reaction, the hexavalent uranium in solution appears to stabilize near 30
mg/L for the gel immobilized extract and is reduced to 0.0 mg/L for the extract solution
with hydrogen, as is consistent with the data in Figure 3.6. The last three data points for
these treatments have means of 30.3 mg/L and 4.3 mg/L hexavalent uranium with standard
deviations of ±3.0 mg/L and ±7.5 mg/L, respectively. The control treatment of gel alone
rapidly reduces the hexavalent uranium concentration to 140 mg/L in one hour and the
value remains essentially constant until the experiment was terminated with a mean value of
141.0 mg/L hexavalent uranium and a standard deviation of ±1.0 mg/L. A gradual
reduction from 250 mg/L of hexavalent uranium to 180 mg/L was observed in the treatment
containing the supernatant solution with hydrogen with a mean of 194.3 mg/L uranium and
a standard deviation of ±10.5 mg/L. This indicates the presence of cytochrome c3
remaining in the supernatant after exposure to the sepharose. A small loss of uranium
reductase activity due to immobilization onto the sepharose gel may be indicated by the
slightly higher value of hexavalent uranium in the gel-immobilized extract after 10 hours.
Note that in both the cell extract and the immobilized extract sample there is a rapid drop of
hexavalent uranium over time only when molecular hydrogen is provided. Precipitation of
uraninite at the bottom of the serum vials occurred approximately 30 hours after all the
uranium had been reduced in experiments using the cytochrome extract and was a separate
phase fiom the sepharose gel.
Figure 3.9 shows uranium reduction by a whole cell suspension of the facultative
aerobe £. coli in the presence of glucose as an electron donor and with hexavalent uranium
concentrations that are one-tenth those used in the previous experiments with D.

desulfuricans. Experiments with E. coli cells produce slightly variable values, but within
the limits of analytical uncertainty, they are essentially constant with no significant
reduction for up to 60 minutes of reaction. When glucose is present as an electron donor.
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there is a marked decrease in the hexavalent uranium concentration in less than 20 minutes
with the value of hexavalent uranium at the end of the experiment being approximately 6
mg/L. Uranium reduction would not progress when other electron donors such as lactate,
pyruvate, succinate, citrate, and formate were used.
Uranium reduction has never before been demonstrated in any organism outside of
the genus Desulfovibrio.. In order to confirm that this observation in E. coli was reduction
and not absorption, cells were exposed to the electron transport inhibitor cyanide prior to
the addition of uranium. When uranium was added to cyanide treated cells there was no
drop in the hexavalent uranium concentration over time whereas in samples with viable
cells there was a rapid drop of hexavalent uranium over time (Figure 3.10). This indicates
that the observed drop in hexavalent uranium in viable cells of E. coli is a metabolic process
and not simply biosorption. If the amount of uranium in the suspension were changing due
to binding or absorption by the cells, then the introduction of an electron transfer inhibitor
would have had no impact on the reduction of the uranium.
The hypothesis that E. coli cells are capable of reducing uranium in the presence of
an electron donor is further supported by the effect of variations in glucose concentration
on uranium reduction (Figure 3.11). Notice that at concentrations of 20.0, 10.0 and 5.0
itiM glucose, reduction progressed at approximately the same rate. It was not until levels
were dropped to 1.0 mM that reduction was retarded. The mean value of the last two data
points for a glucose concentration of l.OmM was 21.1 mg/L hexavalent uranium with a
standard deviation of ±1.2 mg/L. The mean for the treatment containing S.OmM glucose
was 14.1 mg/L hexavalent uranium with a standard deviation of ±0.3 mg/L. Treatments
containing 10.0 mM and 20.0 mM glucose had mean hexavalent uranium concentrations of
13.1 mg/L and 14.0 mg/L with standard deviations of ±0.1mg/L and ±1.5 mg/L,
respectively. These parameters indicate that the effect of treatments containing 5.0 mM,
10.0 mM and 20.0 mM glucose was not significant. However, treatments using glucose
concentrations of 1.0 mM was significantly different from the other treatments.
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In an effort to determine the cellular location of the E. coli uranium reductase, a
suspension of cells was fractionated by sonication and centrifugation. The membrane
fragments were re-suspended in sodium bicarbonate buffer and both the soluble and
membrane firaction were added to a uranium solution with glucose. These data are
presented in Figure 3.12. Although there is slight reduction in the soluble extract sample,
which is within the limits o f analytical reproducibility, it is apparent by the large drop in
hexavalent uranium concentration in the membrane haction, that the reductase activity is
primarily located in the membranes of £. coli cells. The small amount of reduction in the
soluble fraction is probably due to small fragments of membrane not being removed during
centrifugation. In uranium reduction experiments using £. coli, precipitation of uranium
was not observed in experiments lasting up to 48 hours.
3 .1 0 Discussion and Conclusions
The characterization of the biogeochemistry of uranium is valuable for general
knowledge in the discipline as well as for the potential development of a remedial
technology for the removal o f uranium from drinking water sources. This study is
important because it has characterized many variables important in the understanding of
microbially-mediated uranium reduction. From the results we can provide new information
on details of uranium reduction by bacterial cells and cell fractions.
The data comparing reduction ability with cell concentration show a direct, but not
linear, correlation between increased cell densiQr and the extent to which hexavalent
uranium can be reduced. There is a critical cell concentration that must be reached before
complete reduction can occur, probably near 33.5 mg/ml. This may be a useful estimate of
the size of the Desulfovibrio community required to initiate ore body formation in natural
systems. The pH study indicates a relatively wide range of values (3-9) at which reduction
can occur. In treatments with pH of 7 and 9 there was very little difference in the extent of
reduction. The limited reduction at low pH could be caused by inactivation of the enzyme
system at the high proton concentration, or to changes in the uranium chemistry at these pH
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values. The Eh value for the hexavalent to tetravalent couple to occur is around - 275 mV
(Langmuir, 1978). Around this range of reducing potential and pH ranging firom 2 to 8,
uranium exists primarily as hydroxyl complexes. As pH drops, the number of hydroxyl
groups in the complex drops, changing the shape and charge of the complex. The initial pH
o f these experiments was adjusted using concentrated nitric acid and sodium hydroxide.
Therefore, the various ratios of nitrate, hydroxyl, hydrogen and sodium ions in each
treatment may have an effect that is included in the overall pH results. The pH values for
each treatment were not buffered to the specific pH, therefore, some drift may have
occmred during the reaction.
Experiments using whole cells immobilized with Biosep beads showed some
reduction, but almost 30% of the hexavalent uranium remained after 10 hours. The
reaction paths were comparable with experiments using low cell densities (8.3 to 16.5
mg/ml) suggesting a limitation due to available cell mass. Although the beads were
prepared from a suspension containing more than enough cells to completely reduce all the
available hexavalent uranium in solution, the actual quantity of cells absorbed was not
measured and it could have been too low. These beads are also very porous and designed
to allow bacterial cells to diffuse into them and then grow. The cells contained within the
pores of the beads may have restricted contact with the uranium solution and the reduction
observed is only from the cells on the surface of the beads. The pure Biosep beads also
appear to adsorb hexavalent uranium and this may interfere with the cytochrome induced
reduction of uranium.
In experiments with the cytochrome extract, there is no significant loss of activity
when the enzyme extract from D. desulfuricans is immobilized onto Sepharose gel.
According to the spectrograms of the extract, there was a significant quantity of cytochrome
c3 available for immobilization. The excess cytochrome remaining in solution after contact
with the sepharose gel, suggests that all available binding sites on the sepharose gel were
filled with proteins from the extract After contact with the extract the gel was washed to
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remove any extract not strongly bonded to the gel. The wash fraction in this experiment
did not have a peak for cytochrome c3, suggesting that the cytochrome was strongly bound
to the sepharose gel structure.
The sepharose gel exhibits non-specific adsorption of hexavalent uranium that is
significant. The solutions in contact with the pure gel have lower concentrations of
hexavalent uranium than the initial solution, but the specific adsorption reaction for the gel
can not be identified in these experiments. It is possible that in the gel only sample, all of
the active sites on the sepharose are empty and able to be filled with uranium, whereas the
sepharose containing the extract has all sites bound.
All of the experiments clearly separate the effects of the experimental treatments that
are statististically different The maximum observed standard deviations in experiments
using D. desulfuricans with multiple trials was relatively small. The largest observed
percent standard deviation in hexavalent uranium at the 200 mg/L range was 1.4%, at the
60 mg/L range it was 2.7%, and at the 2.0 mg/L range it was 33%. In experiments with
single trials, means and standard deviations for individual points can not be determined.
However, means calculated for the stages of the experiment where there were only minor
changes in concentration with time can be used to assess the statistical differences among
the treatments. Standard deviations for these experiments are generally within the range
indicated above. The assumed experimental error is too large at the higher concentrations,
but too small at levels near the limit of the delectabili^ for hexavalent uranium.
The discovery that E. coli is capable of reducing uranium is new. Although it is
highly unlikely that there is a relation between uranium reduction and E. coli abundance or
metabolism in natural systems, the phenomenon is important. E. coli is a dysenteric
organism and therefore would not exist in areas where uranium ore body formation would
occur. The observed drop in hexavalent uranium concentrations in solutions when exposed
to cells or cell membranes of E. coli is due to metabolic reduction and not to biosorption.
The most important demonstration of this being the effect of cyanide on cells exposed to
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uranium. Cyanide is a very specific electron transfer inhibitor. Cyanide acts by
irreversibly binding to cytochrome, thus preventing the transfer of additional electrons
along the pathway. There is no scientific basis for cyanide having an effect on biosorption.
Therefore, when cyanide prevents cells of £. coli from affecting a drop in hexavalent
uranium it can only be due to a shutdown of the electron transport system.
An important aspect of this discovery is that £. coli is a facultative organism, being
able to utilize aerobic and anaerobic metabolic pathways. Therefore, in an oxygenated
system containing uraniiun, £. coli cells will reduce oxygen in the system first, then move
directly to lower energy reactions in which hexavalent uranium can be reduced to tetravalent
uranium. Additional biochemical studies need to be done to confîrm that this reduction is
an energy producing reaction rather than a detoxifying reaction.
This characterization study has shown that cells and cell fractions o f D.

desulfuricans do maintain uranium reductase activity when immobilized. This is important
for the development of a remediation technology for uranium contaminated water. It is
much more efficient to use a bioreactor system with immobilized enzymes rather than a
whole cell suspension for several reasons. Firstly, because whole cells are living they
must be provided nutrients beyond those needed for strict uranium reduction. Also,
because the whole cells are actively metabolizing nutrients there are waste products being
generated that must be removed from the system.
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CHAPTER 4 SUMMARY AND CONCLUSIONS
This study has characterized the reductive precipitation of uranium by sulfatereducing bacteria as well as the apparent reduction o f uranium by the facultative aerobe, E.

coli. This information is important to the general field of biogeochemistry and
geomicrobiology as well as being important as the basis for a potential remedial technology
for uranium-containing groundwater.
The data comparing reduction ability with cell concentration indicate that there is a
difference in the extent of uranium reduction as a function of cell concentration. The pH
study indicates a relatively wide range of values at which reduction can occur. In
treatments with pH of 7 and 9 there was very little difference in the extent of reduction.
The limited reduction at lower pH could be caused by inactivation of the enzyme system at
the high proton concentration or to changes in the uranium chemistry at these pH values.
The use of microorganisms and biological products for the remediation of
environmentally contaminated sites is very popular at present. The main successes of this
technology have been the degradation of organic compounds by whole cells or enzymes.
There has been significantly less success with the remediation of sites contaminated with
metals, specifically radionuclides, because elements are more difficult to transform into less
hazardous components. Recently, the idea of biotransformation has come about. This
involves the use of biological material to hansform metals from oxidation states which
cause them to be hazardous or mobile in the environment, to oxidation states in which they
are less toxic or chemically immobile. The results of this study reinforce the potential use
of this technology in remediation of sites containing unwanted quantities of uranium in
surface or groundwater.
If this biological process were to be developed for remediation of uraniumcontaining groundwater, a fluidized bed reactor or similar way of treating a continuous
flow of solution would be needed. Therefore, the success of immobilization of the
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biomass onto solid supports is critical. Experiments using whole cells immobilized with
Biosep beads showed significant levels of reduction but less reductive conversion as
compared to cell suspensions. An engineering process utilizing cell fractions would be
better suited to using immobilized enzymes rather than whole cells for several reasons.
Firstly, because whole cells are living they must be provided nutrients beyond those needed
for strict uranium reduction. Also, because the whole cells are actively metabolizing
nutrients there are waste products being generated that must be removed from the system.
More explicit experimentation is needed to determine the limits.
An idealized system would use immobilized enzymes requiring only substrates,
which in this case would be hydrogen as an electron donor and uranium as an electron
acceptor. The results of this study show that there is no significant loss of activity when
the enzyme extract from D. desulfuricans is immobilized with Sepharose gel. Additional
work would indicate how much substrate the immobilized enzyme could process before
being inactivated.
A problem with the use of the cytochrome extract from D. desulfuricans is that the
reduction will not occur under oxic conditions. Therefore, there must be preliminary
deoxygenation of the solutions before contact with the immobilized enzymes. The
discovery in this study that whole cells and cell fractions of the facultative aerobe E. coli
reduce uranium may solve this problem. It is probable that any dissolved oxygen coming
in contact with the whole cells or cell membranes of this strain of £. coli would be reduced
thus lowering the redox potential of the system. The facultative nature of the organism
would allow it to then shuffie electrons to hexavalent uranium in turn reducing it. This
could significantly reduce the cost to operate a remedial system of this nature. No work as
been done yet to determine the impact of immobilization on the activity of £1 coli
membranes and uranium reduction.
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(Results plotted in Figure 3.5)
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2.1200
182.70
184.40
2.3300
187.00
190.00
4.2400
189.00
189.50
0.7100
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Table 8 Uranium Reduction Using Peripiasmic Extract
with Various Electron Donors (Results plotted in Figure 3.6)

Time
(hours)
0.0
1.0
3.0
8.0
10.0

Ext only I
mg/L U6+
221.00
220.00
211.00
211.00
212.00

Ext only II
mg/L U6+
231.00
228.00
230.00
229.00
229.00

Ext only
mean mg/L
U6+
226.00
224.00
220.30
220.00
220.50

Ext only
std mg/L
U6+
7.1000
5.6500
13.400
12.700
12.000

Ext +Lac I
mg/L U6+
231.00
225.00
231.00
230.00
229.00

Ext+LacD
mg/L U6+
236.00
234.00
228.00
231.00
233,00

Exi+Lac mean
mg/L U6+

Ext+Lac std
mg/L U6+

233.50
229.50
229.50
230.50
231.00

3.5000
6.4000
2.1200
0.70000
2.8000

CD

Q.

Ext+Hyd n
mg/LU6+

"D
CD
C/)
C/)

230.00
47.000
24.000
0.0000
0.0000

Ext+Hyd mean
mg/L U6+
226.50
39.000
21.500
0.0000
0.0000

Ext+Hyd std
mg/LU6+
4.9000
11.300
3.5000
0.0000
0.0000

HeatExt+Hyd I
mg/L V6+

HeatEx+Hydn
mg/L U6+

209.00
199.00
198.00
197.00
199.00

209.00
198.00
195.00
197.00
197.00

HeatExt+Hyd
mean mg/L
U6+
209.00
198.50
196.50
197.00
198.00

HeatExt+Hyd
std mg/L U6+
0.0000
0.71000
2.1200
0.0000
1.4100

Ext+Hyd 1
mg/L U6+
223.00
31.000
19.000
0.0000
0.0000
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Table 9 Uranium Réduction Using Various Fractions of Peripiasmic Extract (Resuits piotted in Figure 3.8)

C
p.
3"
CD

■CDo
O
Q.
C
o
■o
o

CD

Q .

■CDo
C /)

(/)

Time
(hours)

Extract +
Hydrogen
mg/L U‘*

Supernatant
+ Hydrogen
mg/L

0.Ù
1.Ù
3 .6

i3o.o

i40.Ô
229.0

^ .6
8 .6
l 6.0

46.0
24.0
I l6

0.0
0.0

211.6
i04.6
196.0
1 8 l0

Hydrogen
mg/L U‘^
a i .6
56.0
39.0
31.0
33.0
27.0

Gel - No
Extract +
Hydrogen
mg/L U‘*
156.0
141.0
143.0
i %.6
140.0
141,0
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Table 10 Uranium Reduction Using Whole Cells of E. coli (Results plotted in Figure 3.9)

33"
CD

■CDo
O
Q.
C
aO
3
O
3"
&
=
T
0
c
1
C/)

o'
3

Time (min)

Cells only I
mg/L U6+

Cfclls only II
mg/L U6+

0.0000
15.000
30.000
60.000

21.000
19.100
17.900
18.200

21.400
23.700
18.000
21.000

Cells only
m eanm g^
U6+
21.200
21.400
17.900
19.600

Cells only std
mg/L U6+

Cells+Glucose
Img/LU6+

Cells+Glucose
Hmg/LU6+

0.28000
3.2500
0.070000
1.9800

21.000
7.2000
6.9000
6.2000

23.200
8.5000
7.4000
6.7000

Cells+Glucose
mean mg/L
U6+
22.100
7.8500
7.1500
6.4500

Cells+Glucose
std mg/L U6+
1.5600
0.92000
0.35000
0.35000
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Table 11 Uranium Reduction Using Whole Cells of E. coli with Cyanide Control (Results plotted in Figure 3.10)
Time
(min)
0.0000
15.000
30.000
60.000

Cells+Glucose
Img/LU6+-

Cells+Glucose
n mg/L U6+-

23.200
8.1000
7.6000
7.4000

21.000
7.2000
6.9000
6.2000

Cells+Glucose
mean mg/L
U6+
22.100
7.6500
7.2500
6.8000

Cells+Glucose
std mg/L U6+
1.5500
0.64000
0.49000
0.84000

Cells+Glucose
+CN I mg/L
U6+
26.700
25.200
26.100
24.400

Cells+Glucose
+CN n mg/L
U6+
26.800
25.400
26.100
24.700

Cells+Glucose
+CN mean
mg/L U6+
26.700
25.300
26.100
24.500

Cells+Glucose
+CN std mg/L
U6+
0.070000
0.14000
0.0000
0.20000
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Table 12 Effect of Glucose Concentration on Uranium Réduction Using E. coli (Results plotted in Figure 3.11)

C

p.
3"
CD

■CDO

I
C

ao
3
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CD

Û .

O
C
■o
CD

C /î
C /)

-J

OQ

■ "T T m e""
(min)
Ù.Ù
1 5 .0

âô.o
6 0 .0

1.0 mM
G lucose
mg/L U‘"
i4 .i
2i.$
20.2

io.7

5.0 mM
G lucose
mg/L U‘"
i4 .i
13.8
14.1
14.4

lA.6 mM

26.0 mM

G lucose
mg/L U^+
l5.1
13.1
13.0
13.i

G lucose
mg/L U‘*

ll7
13.3
12.9

*4

I
1
3
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